Rhodopsin is a photoreceptive protein present in vertebrate rod photoreceptor cells, which are responsible for scotopic vision. Recent molecular studies have shown that several aquatic vertebrate species have independently acquired rhodopsin containing Asp83Asn, Glu122Gln, and Ala292Ser substitutions, causing a blue shift in the rhodopsin absorption spectra for adaptation to the blue-green photic environment in deep water. Here, we provide new evidence for the evolutionary and functional relevance of the Asp83Asn substitution. Spectroscopic and kinetic analyses of rhodopsins in six cichlid fishes from the East African Great Lakes using charge-coupled device spectrophotometer revealed that the Asp83Asn substitution accelerated the formation of meta-II, a rhodopsin intermediate crucial for activation of the G-protein transducin. Because rapid formation of meta-II likely results in effective transduction of photic signals, it is reasonable to assume that deep-water cichlid species have acquired rhodopsin containing Asn83 to adapt to dim lighting. Remarkably, rhodopsin containing Asn83 has been identified in terrestrial vertebrates such as bats, and these rhodopsin variants also exhibit accelerated meta-II formation. Our results indicated that the Asp83Asn substitution observed in a variety of animal species was acquired independently in many different lineages during vertebrate evolution for adaptation to dimly lit environments.
Introduction
Elucidation of molecular mechanisms involved in the adaptation of organisms to different environments is a central issue in evolutional biology. The visual system plays an important role in recognition of the external world and is essential for survival of many organisms. Recently, we demonstrated that the adaptation of the visual system to specific photic environments resulted in sensory-driven speciation (Seehausen et al. 2008) . Accordingly, the visual system provides an excellent model for evaluating adaptation of vertebrates to the divergent environments in which they live.
Vision begins when photons are absorbed by photoreceptive molecules, visual pigments, in photoreceptor cells. Visual pigments are composed of a protein moiety (opsin), which is a member of the G-protein-coupled receptor family, and 11-cis-retinal, a light-absorbing chromophore (Wald 1968; Shichida and Imai 1998) . Light triggers cis-trans isomerization of the chromophore (Hubbard and Kropf 1958; Yoshizawa and Wald 1963) to form the primary intermediate, photorhodopsin (Shichida et al. 1984) . Subsequent thermal reactions result in the formation of a series of photobleaching intermediates (e.g., batho, lumi, meta-I, -II, and -III), each with a specific absorption spectrum (Hubbard et al. 1959; Matthews et al. 1963; Yoshizawa and Wald 1963; Shichida et al. 1984; Imai et al. 1994) , and finally lead to decomposition into all-trans-retinal and the opsin ( fig. 1A ). The meta-II intermediate, which is characterized by an absorption maximum at 380 nm, is the key intermediate because it catalyzes GDP-for-GTP exchange on the G-protein transducin, thereby activating it and eventually generating an electrical response in the photoreceptor cell (Hofmann 1985; Morizumi et al. 2005 ; see also fig. 1 ).
Molecular genetic analyses have revealed the key amino acid residues responsible for the absorption spectra of rhodopsins, one of the visual pigments specific for scotopic vision. Marine mammals (Fasick and Robinson 2000) , eels (Archer et al. 1995) , and deep-water cottoid fishes from Lake Baikal (Hunt et al. 1996) have rod cells in which the peak sensitivity (k max ) of rhodopsin is blue shifted compared with rhodopsins from terrestrial mammals. These spectral changes are associated with substitutions at positions 83 and 292. The Comoran coelacanth also has blueshifted rhodopsins. Mutagenesis experiments showed that Glu122Gln and Ala292Ser substitutions cause these spectral changes (Yokoyama et al. 1999) . In addition, all these residues that could affect the spectral sensitivity of rhodopsins were also identified in the large number of deep-sea fishes, which possess the blue shifted rod pigments (Hunt et al. 2001) . The blue shifted k max values of rhodopsins from these aquatic vertebrates were proposed to have arisen from adaptation to the blue-green light of deep-water environments. Although many aquatic vertebrates have rhodopsins with Asp83Asn substitution, the effect of this substitution on the rhodopsin k max values was shown to be small compared with the effect of substitutions at residues 122 or 292 (Janssen et al. 1990; Fasick and Robinson 2000) . Similarly, we previously analyzed rhodopsins containing Asn83 or Ser292 in deep-water cichlid fishes from the East African Great Lakes. All rhodopsins containing Ser292 exhibited significantly blue shifted k max values compared with rhodopsins containing Ala292 from shallow-water species. Mutagenesis analyses showed that Asn83Asp substitution caused an 8-nm spectral shift in rhodopsin from Baileychromis centropomoides, whereas the same substitution caused a 2-to 3-nm spectral shift in rhodopsins from Diplotaxodon macrops and Pallidochromis tokolosh (Sugawara et al. 2005 ). In addition, rhodopsins containing Asn83 have been observed not only in aquatic vertebrates but also in terrestrial vertebrates, such as elephant (Yokoyama et al. 2005 ) and guinea pig. Therefore, the Asp83Asn substitution could not be explained exclusively by deep-water adaptation. On the other hand, Asp83, which resides in helix-II (H-II), is a highly conserved residue among the rhodopsin-like G-protein-coupled receptors and participates in a hydrogen-bonding network that produces interhelical constraints . Disruption of these constraints is likely to be involved in the G-protein-coupled receptor function such as the conformational change required for the activation of G-protein transducin. Therefore, the independent acquirements of rhodopsins containing Asn83 in aquatic and terrestrial vertebrates prompted us to examine the biological significance of the potential conformational change of rhodopsin induced by Asp83Asn substitution. Here, we report that an accelerated formation of meta-II correlates with the substitution of the residue at position 83 in cichlid and bat rhodopsins. Until recently, analyses of the rhodopsin intermediates using a small amount of sample were technically impossible because passage of the pigments through the series of intermediates occurs within milliseconds at physiological temperatures. In this study, however, we used a newly constructed CCD spectrophotometer capable of obtaining spectral data at 9.7-ms intervals .
In East Africa, Lake Malawi harbors endemic cichlid fish communities comprising approximately 450-700 species, whereas Lake Tanganyika contains approximately 250 cichlid species (Turner et al. 2001) . These communities are ecologically and morphologically highlydiverse.Cichlids are becoming a model system for understanding the genetic basis of vertebrate speciation Kocher 2004 ). The photic conditions under which cichlids dwell are highly diverse, varying with respect to turbidity, color, and brightness. As such, cichlids have been considered a suitable model for studying adaptive evolution of the visual system.
The order Chiroptera (bats) includes the microbat and megabat groups. Morphological and neuroanatomical studies haverevealedthatmegabatshaveawell-developedeyesystem and that most of them are not equipped for echolocation (Bhatnagar 1975; Schnitzler and Kalko 1998) . In contrast, microbats occupy a nocturnal niche and rely on echolocation more than visual feedback for locomotion (Bhatnagar 1975; Heffner et al. 2001) . Thus, we predicted that the visual pigments of these two groups would reflect this evolutionary divergence.
In this study, we performed a spectroscopic and kinetic analysis on the formation and decay of rhodopsin meta-II intermediates from cichlids and bats and revealed that naturally occurring variants at position 83 impact the formation process. We discuss the evolution of vertebrate rhodopsins with respect to the residue at position 83 and the significance of the differences in signaling efficiency for adaptation to dimly lit environments.
Materials and Methods

Sample Preparation
Cichlid rhodopsin genes were isolated as described (Sugawara et al. 2005) . We selected a shallow-and a deep-dwelling species from Lake Tanganyika (Altolamprologus calvus and B. centropomoides, respectively) and two shallow-and two deep-dwelling species from Lake Malawi (Dimidiochromis compressiceps, Pseudotropheus sp. and D. macrops, P. tokolosh, respectively) because these species express levels of rhodopsin that are sufficient for CCD analysis. Rhodopsin purification and visual pigment preparations were performed as described (Sugawara et al. 2005) .
The bat rhodopsin genes were amplified via reverse transcriptase-polymerase chain reaction. Briefly, total RNA was extracted from the eyes of Megaderma lyra and Rhinolophus sp. and reverse transcribed. Rhodopsin cDNA was then After absorption of a photon, the visual pigment converts to a series of intermediates through isomerization of retinal. One of these intermediates, meta-II, forms within 0.1 s after the photon capture and catalyzes GDP for GTP exchange on the G-protein transducin (Gt), thereby activating it (Gt*) and leading to a signaling cascade in photoreceptor cells. Gt* then triggers the photoresponse of rod cells through activation of phosphodiesterase. (B) Schematic drawing of the photoresponse of a rod photoreceptor cell. The length of duration after dim flash stimulation for reaching the maximum photocurrent value is in the range of 0.1-0.2 s in mouse (Imai et al. 2007 ) and fish (Kawamura and Tachibanaki 2008) rods.
Dim Light Adaptation by Rhodopsin Asp83Asn · doi:10.1093/molbev/msp252 MBE amplified by polymerase chain reaction (PCR) using the following primers: 5#-CACAAAGCTTGGCCGCAGCCATGAA-3# (forward) and 5#-TGTGGGTACCGGCCGGTGCCACCTGG-CT-3# (reverse). PCR products were digested and cloned into the pFLAG-CMV-5a (Sigma-Aldrich, St. Louis, MO) expression vector as described (Sugawara et al. 2005) .
In vitro mutagenesis of the cichlid and bat rhodopsin genes and subsequent expression, reconstitution, purification, and spectrophotometric analysis of the mutant rhodopsin proteins were performed as described (Sugawara et al. 2005 ) with minor modifications.
DNA Sequencing and Sequence Analysis
Partial sequences of rhodopsin exon 1 from vertebrates other than cichlids were obtained by PCR amplification using the following primers: 5#-CTTCGAGTACCCRCAGTAC-TAC-3# (forward) and 5#-NGTGGCRAAGAARCCCTC-3# (reverse) in which R 5 A or G and N 5 A or C or G or T. The resulting PCR products were sequenced as described (Sugawara et al. 2002) , and the results are shown in figure 2. Nucleotide sequences were deposited in GenBank under accession numbers AB455160-AB455207.
Spectrophotometry
Rhodopsin UV-vis absorption spectra were recorded using two types of spectrophotometers. First, a CCD spectrophotometer was specially constructed by Hamamatsu Photonics Co., Ltd (Hamamatsu, Japan), and was used to measure rapid visual pigment intermediate reactions (,1 min timescale) , Morizumi et al.
FIG.
2. An alignment of partial amino acid sequences of mammalian rhodopsins corresponding to residues 77-95. The arrowhead indicates residue at position 83; Asn83 is highlighted with black shading. We showed the group names of these species on the left side of the common name followed by species name in parentheses. Sugawara et al. · doi:10.1093 /molbev/msp252 MBE 2005 . This spectrophotometer is able to continuously record spectra (300-700 nm) with a wavelength resolution of 1.6 nm in intervals of 9.7 ms. For CCD measurements, samples were photoexcited with light from a flashlight (;0.3 ms; Nissin Electronic Co., Ltd.) that had been passed through a glass cutoff filter (omitting light 520 nm). Second, a Shimadzu Model MPS-2000 spectrophotometer (Shimadzu Co., Ltd, Kyoto, Japan) was used to measure slow visual pigment intermediate reactions (.1 min timescale). For these measurements, samples were irradiated for 30 s with light from a 1-kW tungsten halogen lamp (Rikagaku Seiki, Tokyo, Japan) thathad been passedthrough a glass cutoff filter (omitting light 520 nm).Onthebasis ofthe spectra determinedby 3 independent difference spectra calculated from the measurements using independent preparations, we determined the k max values for each species with standard errors.
Results
We predicted that rhodopsin containing Asn83 should occur in many vertebrates other than fish if substitution of this residue alters visual pigment signal transduction. Accordingly, we obtained partial sequences of rhodopsin exon 1 (57 bp corresponding to residues 77-95 of ;350 residues of the full-length vertebrate rhodopsin protein) from a wide variety of mammals and determined that rhodopsins containing Asn83 were observed in species across many independent lineages ( fig. 2) . In a previous study, we demonstrated that the substitutions at position 83 occurred several times within the independent lineages of cichlid species (Sugawara et al. 2005) . To deduce the nodes of substitutions at position 83 in the bats and cetaceans, we used the prior knowledge of the phylogeny of bats (Eick et al. 2005; Teeling et al. 2005 ) and cetaceans (Nikaido et al. 1999 (Nikaido et al. , 2001 (Nikaido et al. , 2006 . Based on these phylogenies, the substitutions at position 83 that were caused by a G-to-A nucleotide substitution at the first base in the codon also occurred several times in these species. Five of 12 species in the microbat group have rhodopsins containing Asn83. On the other hand, the two megabat species have rhodopsins containing Asp83 ( fig. 3A ). The substitution from Asp to Asn at position 83 is likely to have occurred at least twice, once in the lineage leading to the single species belonging to Rhinolophoidea (M. lyra) and a second time in the common ancestor of four species belonging to Vespertilionoidea ( fig. 3A) . Most of cetaceans (15/18) have rhodopsins containing Asn83. Because hippopotamus has Asp at position 83, the substitution from Asp to Asn at position 83 is likely to have occurred once in rhodopsins of the common ancestor of cetaceans. Interestingly, humpback whales (Megaptera novaeangliae) and three dolphin species (Phocoena dalli, Monodon monoceros, and Pontoporia blainvillei) have rhodopsins containing Asp83 ( fig. 3B ). Therefore, the substitutions were in the reverse direction.
To reveal whether the residue at position 83 conveys distinct function to the rhodopsin molecule, we also , demonstrated the multiple and independent origins of rhodopsins containing Asn83 (N83). The species used in spectroscopic analyses were underlined. Amino acid residues at position 83 were shown after species names. Arrows indicate the nodes at which Asp-to-Asn (D83N) or Asn-to-Asp (N83D) substitutions occurred. Bat phylogeny reflects strict-consensus trees based on several molecular phylogenetic studies (Eick et al. 2005; Teeling et al. 2005 ). Whale phylogeny is based on SINE insertion studies (Nikaido et al. 2001 (Nikaido et al. , 2006 . Group names were shown to the right side of the species names.
Dim Light Adaptation by Rhodopsin Asp83Asn · doi:10.1093/molbev/msp252 MBE analyzed rhodopsins from cichlids and chiropterans as representatives of aquatic vertebrates and terrestrial vertebrates, respectively ( fig. 4) . The rhodopsin residues involved in associating with transducin (König et al. 1989) are highly conserved (second and third cytoplasmic loops; fig. 4 , boxed regions). Thus, the transducin coupling efficiency was assumed to be similar in these pigments. However, several substitutions among the aligned sequences, including those at residue 83, occurred independently in the separate lineages, suggesting functional convergence at these residues ( fig. 3 ; see Discussion). It should be noted that the naturally occurring amino acid residues at position 122 and 292 of rhodopsins investigated in this study are glutamic acid (Glu122) and alanine (Ala292), respectively, which are the same residues in most rhodopsins of terrestrial and shallow-water-dwelling vertebrates.
Comparison of the Photobleaching Processes of Rhodopsin from Cichlids
To assess the functional impact of the amino acid residue at position 83, we analyzed the photoreaction of rhodopsins from the above-mentioned species using a newly developed ; boxes indicate the positions of cytoplasmic loops II and III. Asn83 is highlighted in black to indicate those species with the rhodopsin Asp-to-Asn substitution. Sugawara et al. · doi:10 .1093/molbev/msp252 MBE CCD spectrophotometer. We first compared A. calvus and B. centropomoides rhodopsins, which are closely related phylogenetically but have some distinct residues, including the residue at position 83. The A. calvus rhodopsin contains Asp83, and this fish lives in shallow water in Lake Tanganyika; B. centropomoides rhodopsin contains Asn83, and this fish lives in deep water in the same lake. As reported (Sugawara et al. 2005) , the k max value of A. calvus rhodopsin was 498 ± 0.5 nm at 0°C ( fig. 5A , curve 1). After flash irradiation, the absorption maximum was blue shifted to about 480 nm ( fig. 5A , curve 2, 9.7 ms), suggesting formation of the meta-I intermediate (absorption maximum %480 nm). At the same time, a slight increase in the absorbance at about 380 nm was observed, suggesting formation of a small amount of meta-II intermediate (absorption maximum % 380 nm). An increase in the absorbance at ;380 nm and a decrease in absorbance at ;480 nm was observed between 9.7 and 892.4 ms postirradiation ( fig. 5A , curves 2-8; fig. 5B , curves 2#-8#), suggesting the decay of meta-I with concurrent formation of meta-II. Spectral changes were no longer observed after ;1 s postirradiation ( fig. 5A , curves 8-11; fig. 5B , curves 8#-11#), indicating equilibrium between meta-I and meta-II. These spectral changes are similar to those reported for bovine and chicken rhodopsin Kuwayama et al. 2005) .
Similar to A. calvus rhodopsin, the k max value of B. centropomoides rhodopsin was 492 ± 0.5 nm at 0°C ( fig. 5C , curve 1). After flash irradiation, two peaks at about 380 and 480 nm emerged ( fig. 5C, curve 2 ). An absorbance increase at ;380 nm with a concurrent decrease at ;480 nm was observed between 9.7 and 446.2 ms postirradiation ( fig. 5C , curves 2-7; fig. 5D , curves 2#-7#), suggesting the decay of meta-I with the concurrent formation of meta-II. Spectral changes were no longer observed after ;500 ms postirradiation ( fig. 5C , curves 7-11; fig. 5D , curves 7#-11#), indicating the formation of an equilibrium state. Importantly, the formation of meta-II in B. centropomoides rhodopsin was more rapid than in A. calvus rhodopsin (compare fig. 5A , curve 2 and fig. 5C, curve 2) .
To analyze the difference in meta-II formation time between A. calvus and B. centropomoides rhodopsins, we monitored changes in absorption at 380 nm over time ( fig. 6A ). Absorbances were normalized to the amount of rhodopsin that reacted (photobleached rhodopsin). When absorbance changes at 380 nm were plotted against postirradiation incubation times, the data fit approximated 7, 19.4, 29.1, 67.9, 155.2, 446 .2, and 892.4 ms and 5, 9, and 18 s after irradiation (curves 2-11, respectively). (B, D) Difference spectra (curves 2#-11#) were calculated by subtracting the spectrum recorded before irradiation (curve 1) from those recorded at selected times after irradiation (curves 2-11).
Dim Light Adaptation by Rhodopsin Asp83Asn · doi:10.1093/molbev/msp252 MBE to a single exponential curve (resulting from a twocomponent spectral change). The apparent meta-II formation time constants of A. calvus and B. centropomoides rhodopsin were calculated to be 94.6 ± 4.5 and 14.4 ± 1.7 ms, respectively ( fig. 6A) . However, the slight disorder of the intersection points ( fig. 5B and D) implied that these data did not represent simple conversion from meta-I to meta-II, suggesting the presence of another intermediate state, metaIb . We then compared the amounts of meta-II formed immediately after irradiation (9.7 ms) by monitoring the increase in absorbance at 380 nm relative to the amount of bleached rhodopsin. The results clearly showed that the amount of meta-II formed immediately after irradiation was 4-5 times greater in B. centropomoides rhodopsin than in A. calvus rhodopsin (fig. 6B , compare A. cal wt and B. cen wt). This comparison also revealed that once meta-I/meta-II equilibrium was attained, the amount of meta-II was greater in B. centropomoides rhodopsin than in A. calvus.
To determine whether the differences in meta-II formation times were a consequence of differential rhodopsin evolution depending on cichlid habitats, we examined the meta-II formation times of rhodopsins isolated from four other cichlid species with closely related rhodopsin sequences. We selected two shallow-water-dwelling cichlids with rhodopsins containing Asp83 (D. compressiceps and Pseudotropheus sp.) and two deep-water-dwelling cichlids with rhodopsins containing Asn83 (D. macrops and P. tokolosh) from Lake Malawi (fig. 4) . Among the six cichlid species examined, the corresponding rhodopsin meta-II formation times roughly correlated with habitat; rhodopsins from deep-water dwellers had more rapid meta-II formation times than rhodopsins from shallow-water dwellers within the same lake ( fig. 6B, table 1 ).
Identification of Amino Acids Responsible for Differences in Meta-II Formation Times
To examine the effect of residue at position 83 on meta-II formation times, we created Asp83Asn and Asn83Asp mutants of the cichlid rhodopsins. In rhodopsin from A. calvus, substitution of Asp83Asn (table 1) accelerated the meta-II formation time from 94.6 ± 4.5 to ,10 ms. Conversely, in rhodopsin from B. centropomoides, substitution of Asn83Asp (table 1) decelerated the meta-II formation time from 14.4 ± 1.7 to 107.3 ± 10.6 ms. Similar to that for B. centropomoides rhodopsin, substitution of Asn83Asp in rhodopsin from D. macrops (table 1) decelerated the meta-II formation time from ,10 to 24.1 ± 1.3 ms. These results demonstrate that, for rhodopsin, an Asn83 facilitates rapid meta-II formation, whereas an Asp83 results in deceleration of meta-II formation. In addition, the amount of meta-II formed immediately after irradiation correlated with the identity of residue 83: Rhodopsin containing Asn83 formed more amount of meta-II than rhodopsin containing Asp83 ( fig. 6B) .
Next, we investigated the thermal decay processes of the rhodopsin meta-II intermediate from two species of cichlid. Measurement of A. calvus rhodopsin absorbance 2.5-360 min postirradiation revealed an increase in absorbance at ;450 nm with a decrease in absorbance at ;380 nm ( fig. 7 , curves 12-19; fig. 7B , curves 12#-19#), indicating the decay of meta-II with the concurrent formation of meta-III (absorption maximum %460 nm). Measurement of D. macrops fig. 7D , curves 12#-19#), which was due to the decay of meta-II with the concurrent formation of meta-III. Meta-II decay for D. macrops and A. calvus rhodopsins were compared by plotting changes in absorption at 380 nm over time; both data sets indicated near-single exponential decay. The apparent meta-II decay time constants for A. calvus and D. macrops rhodopsin were 5113 ± 468 and 5058 ± 218 s, respectively. Data represent the standard deviations estimated from one experiment using Igor Pro 6.04 (WaveMetrics Inc., Tigard, OR).
Comparison of Rhodopsin Residue 83 among Bats
To further investigate the correlation between rhodopsin Asn83 and acceleration of the meta-II formation, we also examined meta-II formation in rhodopsins from two bat species, M. lyra and Rhinolophus sp., of the microbat group; the residue at position 83 in M. lyra rhodopsin is Asn and that in Rhinolophus sp. is Asp (fig. 3) .
The k max values of Rhinolophus sp. rhodopsin was 498 ± 0.1 nm at 0°C ( fig. 8A, curve 1) . After flash irradiation, two peaks appeared at ;480 and ;380 nm ( fig. 8A, curve 2) , suggesting the formation of meta-I and -II. Within 2 s, a decrease in the absorbance at ;480 nm and an increase at ;380 nm was observed, representing the decay of meta-I with the concurrent formation of meta-II, respectively, similar to that observed for cichlid rhodopsins. Megaderma lyra rhodopsin (k max 5 496 ± 0.4 nm) also exhibited the formation of meta-I and meta-II following irradiation ( fig. 8B ). However, spectral changes were barely detectable by 20 s postirradiation. These data indicated that the transition from meta-I to meta-II for Rhinolophus sp. rhodopsin was significantly slower than that for M. lyra rhodopsin, which was nearly complete immediately following flash irradiation ( fig. 8A and B) .
We then examined meta-II formation times by evaluating changes in the absorbance at 380 nm over time for Rhinolophus sp. and M. lyra rhodopsins; like the data generated for A. calvus and B. centropomoides rhodopsins, these data did not precisely fit a single exponential curve (data not shown). We therefore compared the amounts of meta-II formed immediately following irradiation. Similar to that observed for the cichlid rhodopsin preparations, more amount of meta-II was generated for the bat rhodopsin containing Asn83 (M. lyra) relative to the bat rhodopsin containing Asp83 (Rhinolophus sp.) following irradiation ( fig. 8D) . Therefore, the effect of the residue at position 83 on the formation of the rhodopsin meta-II intermediate is similar for rhodopsins from various vertebrates, including fishes and mammals.
To confirm the correlation between the rhodopsin residue at position 83 and meta-II formation times, we created Asp83Asn and Asn83Asp mutants of the bat rhodopsins, similar to those created for the cichlids. The k max values of mutated M. lyra rhodopsin (Asn83Asp) was 498 ± 0.5 nm at 0°C (fig. 8C, curve 1) , similar to the wild-type. Difference spectra indicated that initial formation of meta-I and meta-II, followed by the transition from meta-I to meta-II, was similar to that for wild-type Rhinolophus sp. rhodopsin ( fig. 8C, inset) . The amount of meta-II formed immediately after irradiation of the M. lyra Asn83Asp rhodopsin mutant was about a half that of wild-type ( fig. 8D ). In the mutated Rhinolophus sp. rhodopsin (Asp83Asn), an increase in absorbance near 380 nm was observed immediately following flash irradiation. Measurement of mutated Rhinolophus sp. rhodopsin absorbance ;120 min postirradiation revealed an increase in absorbance near 460 nm but no change in absorbance near 380 nm (data not shown). The amount of meta-II formed immediately following irradiation in the Rhinolophus sp.Asp83Asn rhodopsin mutant was about 1.5-fold more than the wild-type ( fig. 8D) . Therefore, the effect of the residue at position 83 on the formation of bat rhodopsin meta-II was similar to that observed among cichlids.
Discussion
In the present study, we determined that the Asp83Asn substitution occurred independently in rhodopsins from Dim Light Adaptation by Rhodopsin Asp83Asn · doi:10.1093/molbev/msp252 MBE different vertebrate lineages. We then compared meta-II formation times of cichlid and bat rhodopsins by spectroscopic and kinetic analyses using a specialized CCD spectrophotometer. We found that rhodopsins isolated from various cichlid species exhibited different meta-II formation times. Mutagenesis experiments demonstrated that the residue at position 83 was responsible for these differences. Similar data were obtained using rhodopsins from two microbat species, suggesting that the residue at position 83 is crucial for the regulation of meta-II formation among vertebrates. Therefore, the contribution of this residue to the structure, function, and evolution of rhodopsin must be further evaluated.
Molecular Mechanisms Underlying Differences in Meta-II Formation
According to the three-dimensional ground-state structure of bovine rhodopsin, Asp83 in H-II forms hydrogen bonds with Asn55 in H-I and Asn302 in H-VII (Palczewski et al. 2000; Okada et al. 2002) . In addition, a water molecule bridges Asp83 and the peptide carbonyl of Gly120 in H-III via two hydrogen bonds. The transmembrane region of rhodopsin is stabilized by these interhelical hydrogen bonds and by hydrophobic interactions. Although the structure of the meta-II intermediate has not been solved, Fourier transform infrared analysis and site-directed mutagenesis revealed that the carboxylic acid group of Asp83 remains protonated in the rhodopsin bleaching intermediates (Fahmy et al. 1993; Rath et al. 1993 ). In addition, the environment surrounding Asp83 was shown to change during meta-II formation, as evidenced by a shifted carbonyl band frequency (Schertler 2005) . Furthermore, it was reported that the equilibrium between meta-I and meta-II was shifted toward meta-II in bovine rhodopsin containing Asp83Asn substitution (Weitz and Nathans 1993) . These findings suggest that Asp83 contributes not only to the stability of the ground state but also to either the stabilization of the meta-I intermediate, as in the dark state, or the destabilization of meta-II. In this study, we found that cichlid and bat rhodopsins containing Asn83 display accelerated meta-II formation, whereas those containing Asp83 display decelerated meta-II formation. On the other hand, the decay rate of meta-II was not affected by substitution at position 83. This suggests that Asp83 does not destabilize meta-II but rather contributes to meta-I stability. This differs from data regarding rhodopsins containing Glu122, which contributes to MBE meta-II stabilization. Mutation of this residue to Gln resulted in accelerated meta-II decay (Imai et al. 1997) . Ala292 is situated approximately one helical turn away from Lys296, where the chromophore is covalently linked to opsin. Therefore, it is reasonable that the substitution at this site strongly affects the absorption spectra of rhodopsins. From the aspect of evolution of rhodopsin functions, we could predict that the substitution at position 292 mainly affects the absorption spectra, whereas the substitution at position 83 mainly affects the meta-II formation. Then we tried to estimate the effect of the substitution at position 292 on the meta-II formation using rhodopsins containing Ser292 from deep-water-dwelling Cyphotilapia frontosa of Lake Tanganyika. Amino acid residue at position 83 in rhodopsin from C. frontosa is aspartic acid. As a preliminary result, substitution of Ser292Ala decelerated meta-II formation from 24.6 ± 4.5 ms (Ser292) to 91.1 ± 9.0 ms (Ala292), suggesting that the Ala292Ser substitution also affects the meta-II formation times similar to the Asp83Asn substitution, although the effect seemed to be smaller than that of Asp83Asn substitution. Ser292 were also observed in rhodopsins from other deep-water-dwelling cichlids in Lake Tanganyika, resulting in blue shift of k max values of rhodopsin (Sugawara et al. 2005) . It is interesting to examine the effect of Ser292 on meta-II formation in other rhodopsins. However, the small amount of expression in these rhodopsins hampered us from this type of analysis. Therefore, it would be our future study to express these rhodopsins more effectively in order to elucidate the complex effects of the residues at positions 83 and 292 on rhodopsin function for adaptation to the dim light. In addition, because rhodopsins from two cichlids having the same , and Asn83Asp mutant M. lyra (C) rhodopsins. Absorption spectra were measured before irradiation (curve 1) and at 9.7, 19.4, 29.1, 67.9, 155.2, 446 .2, and 892.4 ms and 5, 9, and 18 s after irradiation (curves 2-11, respectively). Insets: Difference spectra (curves 2# and 11#) were calculated by subtracting the spectrum recorded before irradiation (curve 1, main panel) from those recorded at 9.7 ms and 18 s following irradiation (curves 2 and 11 in main panels). (D) Relative amounts of meta-II formed immediately following irradiation (9.7 ms). Values reflect the increase of absorbance at 380 nm relative to that measured for bleached rhodopsin. M. lyr, Megaderma lyra; Rhi sp., Rhinolophus sp. Data represent the mean and standard error estimated from multiple (3,) independent experiments. wt, wild-type; mut, mutant.
Dim Light Adaptation by Rhodopsin Asp83Asn · doi:10.1093/molbev/msp252 MBE residues at positions 83 and 292 were found to have considerably different meta-II formation time constants (A. calvus, 94.6 ± 4.5 ms and Pseudotropheus sp., 18.1 ± 1.9 ms), it is possible that other residues in rhodopsin also affect the meta-II formation time. It is notable that rhodopsins isolated from Lake Malawi cichlids had relatively rapid meta-II formation times compared with the times measured for rhodopsins from Lake Tanganyika cichlids (table  1) . Residues of cichlids specific to a particular lake, such as those at positions 213 and 336 ( fig. 4) , might also be responsible for the observed functional differences. It was also notable that rhodopsin from bats with different residues at position 83 were found to have similar meta-II amounts immediately after irradiation ( fig. 8D ). Nonetheless, this study reveals that the residue at position 83 affects the formation of rhodopsin meta-II, the key state for activation of the retinal G-protein transducin.
Functional Relevance of Rapid Meta-II Formation
Although our experimental system utilized detergentsolubilized rhodopsin, similar observations would be expected using lipid-bound rhodopsin under physiological conditions because the equilibrium between meta-I and meta-II is similar in phosphatidylcholine liposomes and phosphatidylcholine/detergent 3-{(3-cholamidopropyl)dimethylammonio}-1-propanesulfonate (CHAPS) systems . Thus, our finding that rhodopsins containing Asn83 have accelerated meta-II formation times may be applicable to living cells. The differences in the formation of meta-II between rhodopsin from cichlids and bats (table 1) bring into focus the functional relevance of these findings.
A previous study using a rhodopsin Glu122Gln knock-in mouse demonstrated that the amount of meta-II formed following irradiation affected the peak amplitude of the single-photon response of rod cells (Imai et al. 2007) . How does the rapid meta-II formation observed among rhodopsins containing Asn83 in this study affect the photoresponse of rod cells? It is well established that the photoresponse of rod cells reaches its peak ;0.2 s after the absorption of a photon ( fig. 1B) , depending on species-specific intracellular signal transduction cascades. In this cascade, the catalytic activation rate of transducin by meta-II correlates directly with the rising phase of the photoresponse (Pugh and Lamb 1993) . So larger amounts of meta-II in the initial phase of rod response might increase the amplitude of rising phase of rod response. During the initial phase of meta-II formation (;0.2 s), the amount of meta-II generated seems to be substantially different in rhodopsins containing Asp83 and Asn83 ( fig. 6 ). We therefore calculated the integral of the amount of meta-II of A. calvus (Asp83) or B. centropomoides (Asn83) during the 0.2-s interval postflash. The fitting curve of meta-II formation in A. calvus is [meta-II] 5 0.55 À 0.46 Â exp (À1/0.095 Â t), and that in B. centropomoides is [meta-II] 5 0.76 À 0.71 Â exp (À1/0.014 Â t). According to the meta-II formation curve between 9.7 ms and 0.2 s after flash irradiation, the meta-II accumulated in B. centropomoides rhodopsin is about 2 times more than that in A. calvus rhodopsin (14.5:7.4). Therefore, the fast formation of meta-II by rhodopsin containing Asn83 substantially impacts on the rising phase of the photoresponse of rod cell. In addition, when the rod cell response reaches its peak, downstream processes, including the rod bipolar and ganglion cell responses, are nearly complete (Sampath et al. 2005) . This suggests that the rising phase of the photoresponse (prior to the peak) is critical for transduction of the signal to bipolar and ganglion cells. Moreover, signal transduction in the brain also occurs ;0.2 s after photostimulation (Handa et al. 2008) . Therefore, rapid rod cell response likely results in a more intense photic signal response to downstream neural cells. In the case of B. centropomoides and A. calvus rhodopsins, the former system can make a response to dim light that is twice that of the latter system.
If the ground state of rhodopsin was destabilized by the Asp83Asn substitution, as described in the above section, there is a possibility to decrease the rod cell sensitivity by increasing dark noise caused by thermal isomerization. But it was reported that there is a system for efficiently separating the rod's light responses from the noise background in which they occur. Rod bipolar cells receive input from tens to hundreds of rods, and their sensitivity depends strongly on how these inputs are combined. The signal transfer of a rod-rod bipolar is nonlinear. This nonlinearity preferentially transmits large single-photon responses, while attenuating or eliminating small single-photon responses and continuous noise (Field and Rieke 2002) . We proposed that the Asp83Asn substitution increases the sensitivity to the dim light by acceleration of meta-II formation, even if this substitution increases the dark noise.
Evolution of Rhodopsin Asp83Asn in Cichlids
Phylogenetic analysis of cichlids indicated that the Asp83Asn substitution occurred independently in each lineage of B. centropomoides from Lake Tanganyika and also in the common ancestors of P. tokolosh and D. macrops, both from Lake Malawi. Ala292Ser substitution also occurred independently in eight species from Lake Tanganyika including C. frontosa (Sugawara et al. 2005) . All the species with rhodopsin containing Asn83 or Ser292 live in relatively deep water. In addition, their visual systems show other adaptation to the dim-light environment, such as having large eyes, as have D. macrops (Turner and Stauffer 1998) , and P. tokolosh (Turner 1994) . Accordingly, it is reasonable to assume that these substitutions were responsible for adaptation to dim light in deep water via increased efficiency of photic signal transduction. These substitutions are also observed in other species including Atlantic halibut (AF156265), 32 species of Sebastes (EF212407 through ;;EF212438), some cottoid fishes in Lake Baikal (U97266, U97272), and aquatic mammals (figs. 2 and 3B). Although the relationship between the presence of Asn83 (or Ser292) and an acceleration of meta-II formation has not yet been established for many of these species, we propose that rhodopsins containing these substitutions transduce photic signals more efficiently than those containing Asp83 (or Ala292, respectively) and that these differences give rise to a blue shift in k max values, particularly among Sugawara et al. · doi:10.1093/molbev/msp252 MBE rhodopsins containing Ser292. It has been reported that the visual systems of deep-sea fish show numerous patterns of adaptation to dim light environments other than spectral blue shift (Hunt et al. 2001) . Some show rod-only retina (Munz 1958) , high amount of visual pigment (Partridge et al. 1988 (Partridge et al. , 1989 , and eventually large sizes of photoreceptor cells (van der Meer and Anker 1984) . Because some photoreceptor cells of these fishes include visual pigments containing Asn83 (Hunt et al. 2001) , it is possible that the residues show some relationship to these characters as well as photosensitivity. Until today, the examination of the effect was limited to the blue shift of spectral sensitivity. Our study confirmed theimportancetoassesstherelationshipbetweenthereplacement of amino acid at position 83, morphology and sensitivity of photoreceptor cells, and habitation of deep-water fish.
Evolution of Rhodopsin Asp83Asn in Bats
A recent molecular genetic study in bats characterized an L-opsin gene and an S-opsin gene (Wang et al. 2004) . The presence of two cone pigments would confer color vision in bats (Wang et al. 2004) . To date, the sequence of the opsin gene from rod cells has not been reported. In this study, we characterized a subset of microbat, M. lyra and Rhinolophus sp., rhodopsin genes in order to examine the absorption spectra of the resulting pigments. These genes were successfully expressed and the resulting proteins bound to 11-cis-retinal to form pigments with k max values similar to those of other vertebrate rhodopsins.
Recent molecular phylogenetic data suggest that several families in the microbat superfamily Rhinolophoidea are more closely related to megabats than they are to other microbats (Eick et al. 2005; Teeling et al. 2005) . If this hypothesis is true, it can be concluded that the rhodopsin Asp83Asn substitution occurred independently at least two times during bat evolution (fig. 3A) ; Asp83Asn arose independently in the M. lyra lineage of Rhinolophoidea and in a common ancestor of a clade including four species belonging to the Vespertilionoidea superfamily. In the previous section, we proposed that larger amounts of meta-II in the initial phase of rod cell response might increase the sensitivity to the dim light. Comparing the amount of meta-II between M. lyra mutant Asn83Asp and Rhinolophus sp. wild-type ( fig. 8D ), we could predict that the sensitivity to dim light in M. lyra was lower than Rhinolophus sp. before Asp83Asn substitution occurred in rhodopsin of M. lyra. After M. lyra and Rhinolophus sp. diverged, the sensitivity to dim light in M. lyra predicted to be higher than Rhinolophus sp. by Asp83Asn substitution occurring only in rhodopsin of M. lyra, although the amount of meta-II in M. lyra was not significantly higher than that of Rhinolophus sp. (fig. 7D) .
Megaderma lyra is a gleaning bat that attacks small ground-dwelling vertebrates and large invertebrates from the sky during nightly forages (Audet et al. 1991) . In such situations, echolocation is insufficient for detecting prey because the echoes from the prey are strongly masked by the echoes from the ground, suggesting the need for effective low-illumination visual systems (Ratcliffe et al. 2005 ). The brown long-eared bat, Plecotus auritus, is also a gleaning bat that sometimes takes insects from leaves and also has relatively large eyes, suggesting that they also have relatively good vision (Eklöf and Jones 2003) . Accordingly, the rhodopsin Asp83Asn substitution that occurred in M. lyra and P. auritus may account, in part, for adaptation to their low-light environment.
Conclusion
Rhodopsin Asp83Asn and Ala292Ser substitutions occurred independently during 400 million years of vertebrate evolution (Yokoyama 2000) . These substitutions cause a blue shift of the rhodopsin absorption spectra and likely resulted in visual adaptation to the blue-green light that predominates in deep water. In this study, we provide clear evidence for the functional relevance of Asp83Asn substitution by demonstrating that this substitution results in acceleration of rhodopsin meta-II formation, presumably for dim-light adaptation. Although rhodopsin has accumulated many substitutions during evolution, the acquisition of Asn83 and Ser292 demonstrates that substitution hotspots underlie parallel evolutionary changes and that these changes resulted in independent adaptation to the dim-light environments encountered by different vertebrate lineages.
